I. INTRODUCTION
Following the prediction of spin transfer torque (STT) associated with spin polarized current in magnetic multilayers by Slonczewski and Berger in 1996, 1, 2 there has been great interest in the spin torque related effects in both giant magnetoresistive (GMR) spin valves and magnetic tunnel junctions (MTJ) due to their potential application as memory elements and microwave oscillators. [3] [4] [5] [6] [7] STT can cause precession or complete magnetic reversal of the free layer magnetisation, depending on the magnitude of the spin-polarized current. 1, 8, 9 The critical current density (j c ) for magnetisation switching for in-plane devices depends mainly on the square of the saturation magnetisation (M s ) of the free layer, due to the demagnetizing field in the layer. 9 Zero temperature macro-spin calculation 9 reveals a stability threshold current density of
Here a is the Landau-Lifshitz-Gilbert (LLG) damping coefficient and t is the thickness of the free layer. The spin transfer efficiency, g, is a function of the current polarity, polarization, and the relative angle between the free and pinned layers. H is the external field, H dip is the dipolar coupling between the free and the pinned layers, and H k is the uniaxial anisotropy field. For in-plane devices, the M s /2 term is much larger than the other terms in the expression. Hence, the critical current density is dominated by the saturation magnetisation of the free layer. Typically, j c has been found to be around 3 Â 10 6 A/cm 2 for magnesium oxide (MgO) based MTJs. 7 It is desirable to reduce it to $5 Â 10 5 A/cm 2 for memory applications. 10 There are three approaches to achieve this: the magnetisation or the Gilbert damping of the ferromagnet should be reduced or the spin transfer efficiency should be improved. Here, we investigate the effect of reducing the magnetisation. Amorphous ferromagnetic alloys are good candidates because M s can easily be controlled by adjusting the transition metal composition or the amount of metalloid in the alloy.
11 Amorphous Co-Fe-B re-crystallized on a (001) oriented MgO barrier is proven to be the best way to obtain a high performance MTJ. 20 . Then, we focused on the latter system and investigated the magnetoresistance and switching current density of MgO based MTJ nanopillars with a Co 40 Fe 40Àx Cr x B 20 free layer.
II. EXPERIMENTAL METHODS
Thin film stacks and devices in this study were prepared in our Shamrock sputtering system with a base pressure below 2.0 Â 10 À8 Torr. Thin films of the amorphous alloys were deposited by co-sputtering from a combination of two of the high purity (99.95%) Co 40 17 The films were examined by x-ray diffraction using CuK a radiation both as-deposited and after annealing. The only features seen in the diffraction pattern are due to the substrate. The films are amorphous in both states. Film composition was determined using the energy dispersive x-ray (EDX) technique with 15 keV electrons. Magnetic properties of the as-grown and annealed samples were measured using a quantum design superconducting quantum interference device (SQUID) magnetometer (MPMS XL-5) at both room temperature and 4.2 K. Ferromagnetic resonance (FMR) measurements were carried out by using a Bruker EMX model x-band electron spin resonance spectrometer at a microwave frequency of 9.5 GHz, at room temperature. The damping coefficients of the films were determined from the ferromagnetic resonance linewidth. Magneto-transport properties of MTJs were determined using a conventional 4-point method.
III. RESULTS

A. Magnetisation
Figure 1(a) illustrates the RT magnetisation curves of Co 40 Ni 40Àx Cr x B 20 films grown on SiO 2 with different Cr concentrations for the as-grown samples. For x ¼ 0, saturation magnetisation is around 400 kA/m but it falls dramatically to 3 kA/m for x ¼ 13.2, and the films become paramagnetic at higher concentrations. A single step in the magnetization curve around zero field suggests that a single magnetic phase present in all samples. The reduction of the room temperature magnetisation reflects both the effect of Cr on the low temperature saturation magnetisation and its effect on the Curie temperature.
The magnetisation curves of Co 40 Fe 40Àx Ni x B 20 films grown on SiO 2 are shown in Fig. 1(b) for the as-grown samples measured at RT for different Ni concentrations. It seems that Ni substitution is not very effective at reducing the magnetisation of the film. For x ¼ 0, the magnetisation is 984 kA/m, and it falls only to 882 kA/m when x ¼ 21.6. This is a puzzling result because Ni has a much lower moment (0.6 l B ) compared to Fe (2.2 l B ).
Co 40 Fe 40Àx Cr x B 20 is the best alloy system from the point of view of controlled and effective reduction in magnetisation. Magnetisation curves of different Cr concentrations are shown in Fig. 1(c) . The magnetisation of the films decreases as the Cr concentration increases, with a single step close to zero field, indicating that there is only one magnetic phase present in the samples. The saturation magnetisation is 984 kA/m for x ¼ 0, and it decreases to 859 kA/m for x ¼ 4.8 and 235 kA/m for x ¼ 18. A similar behaviour was reported by Kubota et al. 18 in (Co 75 Fe 25 ) 80Àx Cr x B 20 films. In their work, magnetisation falls almost to zero for x ¼ 20 at RT because they reduced both Co and Fe in the alloy. Therefore, it is expected to have a faster decay of magnetisation.
Besides the room temperature measurements, we have also measured the magnetisation at 4.2 K, and we have measured it at RT and 4.2 K after field annealing at 350 C in vacuum. The effect of the annealing, which does not crystallize the films, is just to increase the magnetisation slightly, by about 10 %. For example, the magnetisation of , where V is the film volume using
where M w is the molecular weight of the formula, N 0 is Avogadro's number, and density q (kg/m 3 ) is estimated by assuming random dense packing with a packing fraction of 0.64 for the transition metal atom. The boron is supposed to occupy voids in the Bernal structure.
B. Ferromagnetic resonance
The FMR spectra were recorded as a function of dc magnetic field applied for different directions with respect to the film normal. In the FMR experiment, the ac (microwave) magnetic field component remains always perpendicular to the dc field in order to record the ac magnetic susceptibility, the imaginary component of which is proportional to the microwave absorption (FMR signal). The microwave frequency was kept fixed at about 9.5 GHz, while the dc field was scanned through the resonance. The spectra were recorded for all three series. The data for Co 40 We have developed a computer program to deduce the magnetic parameters of the material from fits of the experimental FMR spectra using the model discussed previously. 19 The damping parameter has a major influence on the resonance line shape. Magnetic damping is usually characterized by the phenomenological damping parameter a, which can have both intrinsic and extrinsic contributions. The latter includes surface effects, which may be particularly important in patterned magnetic nanostructures. 20 We get satisfactory fits between the experimental and the simulated line shapes of the field derivative FMR spectra for a general direction of external dc field with Gilbert type damping for magnetically homogeneous films. The experimental FMR spectra were fitted using Zeeman, demagnetizing and other anisotropy energies along the film plane and in the perpendicular direction in the same calculation.
The measured spectra (black) and calculated spectra (red) are plotted together in Fig. 3 . As seen from this figure, the agreement between experimental and fitted values is satisfactory. In some cases, two exchange coupled components were used in the fits. The FMR spectra strictly depend on the composition of the films. The resonance field, the line-width, and even number of the resonance peaks change with the chemical composition. The differences of the resonance fields for parallel and perpendicular geometries can be taken as a rough measure of the dc magnetisation. This means that chromium tends to decrease the magnetisation as we already know from the magnetisation measurements (Fig. 1) . The single FMR peak that is observed for samples with low or zero chromium concentration is doubled for the possibly inhomogeneous samples with higher chromium content (x ¼ 18 in Fig. 3 ). The double peaks can be taken as an indication of compositional inhomogenity across the thickness of the sample. The linewidth and amplitudes of the spectra for parallel and perpendicular geometries are found to be slightly different. This difference implies the presence of extrinsic damping effects in addition to the intrinsic Gilbert type damping. Damping is much larger in Cr-Ni series (a $ 0.03-0.07) than in the Co-Fe series (a $ 0.01-0.02). Structural inhomogenity, especially at the surface, can contribute to the line-broadening. The deduced magnetic parameters are summarized in Table I . One can see that the linewidth, the magnetization, and the effective damping parameter tend to decrease monotonically as the chromium concentration increases.
Strong angular dependence of magnetic damping (linewidth of FMR spectra) is an indication of structural anisotropy; otherwise the intrinsic Gilbert type damping would be isotropic. A narrower line-width can be taken as an indicator of sample homogeneity and quality.
C. Magnetoresistance and spin torque switching
The effect of Cr content on the tunnel magnetoresistance (TMR) ratio in nano-MTJs with a 2.5 nm Co 40 Fe 40Àx Cr x B 20 free layer is shown in Fig. 4 . A monotonic decrease in TMR ratio is observed for both annealing temperatures. The TMR ratio starts at $150 % for x ¼ 0 and reduces to $100 % for x ¼ 7.3%, but there was considerable variation of TMR within a batch of nano-MTJs with the same concentration x of the free layer. This variation reflects the low yield lift-off process that we employ in our nano-MTJ patterning flow. The non-homogenous Cr concentration in the free layer can also contribute to the TMR variation of the devices for high concentrations. The resistance Â area product of the MTJs was $ 40 X lm 2 . Typical magnetoresistance curves of a nano-MTJ with Co 40 Fe 40Àx Cr x B 20 free layer for x ¼ 7.3 is shown in Fig.  5(a) . The TMR ratio of this particular device was $ 60% after annealing at 350 C for 30 min. The free layer loop is shifted by 8.2 mT due to dipolar coupling, and a compensatory field is applied for the measurement of the pulsed R-j loop of the same device illustrated in Fig. 5(b) . Two distinct changes in resistance are observed at þ4.6 Â 10 5 A/cm 2 (j APÀP C
) and À5.1 Â 10 5 A/cm 2 (j
PÀAP C
). j c(av) is 4.9 Â 10 5 A/cm 2 . In these measurements, positive current corresponds to electrons tunnelling from pinned layer to free layer. Positive current stabilizes the parallel state in this configuration.
As the Cr concentration is increased, the critical current density is progressively reduced as shown in Fig. 6 for devices annealed at 325 C for 30 min. For x ¼ 0, j c is around 2 Â 10 6 A/cm 2 and it falls linearly with increasing Cr content. The lowest value of j c , 4.9 Â 10 5 A/cm 2 is found when x ¼ 7.3.
IV. DISCUSSION
The magnetic moment per formula unit for amorphous 3d alloys may be estimated from the magnetic valence model. 21 The basic assumption of the model is strong ferromagnetism, in other words the majority spin d-band is full. The average magnetic moment per atom is then
where Z m is the magnetic valence of the atom (2 for Fe, 1 for Co, 0 for Ni, À6 for Cr, and À3 for B) and N s the number of electrons in the s conduction band. The magnetic valence is defined as Z m ¼ 2N The values of the magnetisation of the as-deposited films deduced from the SQUID measurements and from FMR at room temperature are in reasonable agreement. For these two end members the values are 1.25 l B and 0.57 l B (SQUID) and 1.16 l B and 0.61 l B (FMR). Agreement between these two independent measurements of magnetisation with the zero temperature prediction of the model is satisfactory.
The predicted variation of the magnetic moment with x in the three systems is shown by the red lines in Figure 2 . Here, we can see that the trend is reproduced, but the moment falls less rapidly than predicted in all three systems. This may reflect a shortcoming of the magnetic valence model. It takes no account of the local environment of the atoms. This has some influence as shown by the slight increase in magnetisation on thermal annealing. The annealing does not alter the elemental composition of the alloy-the only consideration is the magnetic valence model-but it does relax the local environments while maintaining an amorphous state. The distribution of Cr and the other 3d atoms around the Fe, Co, or Ni sites will influence the moment and its average values, as in the Jaccarino-Walker model. 22 The decrease in moment with Cr substitution is better reproduced if we take Z m for Cr as À5 instead of À6. This indicates that the assumption N " 3d ¼ 0 for Cr is too drastic and that is so better modelled for these alloys with 0.5 electrons in the spin : d-band.
The benefit of reducing magnetisation of the free layer in spin torque switching is evident (Fig. 6) 20 . 18 They replaced (CoFe) in CoFeB with Cr and reported a decrease of j c0 by a factor of 2 for 10% Cr. We observed a reduction in j c by a factor of four for 7.3% Cr, mainly due to the decrease in the M s of Co 40 Fe 40Àx Cr x B 20 free layer. It is important to note that the coercivity of the device is also decreased with increasing Cr content. Therefore, it is not possible to use material with higher Cr concentration (>10%) for spin transfer torque devices due to the lack of a bi-stable state.
The Gilbert damping is essentially unchanged by Cr substitution and the TMR holds up well (Fig. 4) . The reduction in TMR ratio may be due to a reduction in tunnelling spin polarization in MTJs with Cr substitution.
V. CONCLUSIONS
Chromium, and to a lesser extend nickel, substitution for iron is effective at reducing the magnetisation of Co 40 Fe 40 B 20 with little influence on the Gilbert damping parameter a. The moment and its reduction can be explained semi-quantitatively in terms of the magnetic valence model, especially if the magnetic valence of Cr is taken as À5.
The Co 40 Fe 40Àx Cr x B 20 system is the best of the three we have considered for improving the performance of MgObased magnetic tunnel junctions. The decrease in tunnel magnetoresistance with Cr substitution is more than offset by the reduction in current density j c required for spin torque switching of the free layer. The current density is reduced by a factor of four to 0.49 Â 10 6 A/cm 2 when x % 7.3. The Co 40 Fe 33 Cr 7 B 20 films may be useful for the free layers in memory cells and other spin transfer torque devices.
